1. Defensive inking behavior and gill withdrawal in ApIysia offer simple test systems in which the cellular and biophysial determinants of elementary behavioral acts can be examined. Since a good deal is known regarding both the behaviors and their underlying neural circuits, it is possible to compare directly these two defensive reflexes at the cellular level.
2. Both the ink and gill motor neurons are activated by tactile or electrical stimulation of the mantle region. At least part of the sensory input is mediated by previously identified LE, RE, and RF cluster sensory neurons (4, 6). Some sensory neurons make direct monosynaptic connections to both gill and ink motor neurons.
3. In addition to the monosynaptic pathway, both types of motor neurons receive polysynaptic input. R 18 is an example of one excitatory interneuron that produces fast excitatory postsynaptic potentials (EPSPs) in both ink motor neuron L14 and gill motor neuron L7.
4. Tactile stimulation of the skin also excites a cluster of at least three interneurons, one of which has been identified as L31. L31 produces a slow decreased conductance EPSP in ink motor neuron L14 but appears to make no connection to gill motor neuron L7.
5. In addition to the excitatory input to ink motor neurons, there is a pronounced slow inhibitory input from a cluster of at least five cells, one of which has been identified as L32. In contrast to the predominant slow inhibition of ink motor neurons, L32 produces predominant fast EPSPs in gill motor neuron L7.
6. Tactile stimulation of the skin inhibits L32 and at least part of the inhibition is mediated by the previously identified interneuron L16 ( 18). L16 is weakly electrically coupled to ink motor neuron L14 but not to gill motor neuron L7.
7. The two circuits utilize common sensory neurons and interneurons and are mediated by both mono-and polysynaptic pathways. However, some neurons (L32) have different synaptic actions on each type of motor neuron, others (L3 1) appear to be used for one circuit and not the other, while one neuron (L16) is electrically coupled to ink motor neuron L14 but not to gill motor neuron L7. In addition, the ink motor neurons are electrically coupled while the gill motor neurons are not (9, 11). Furthermore, the ink motor neurons have intrinsic biophysical properties, which contribute to their firing pattern (2, 9, 12). Thus, while some general features of organization of these reflexes are common, specific differences have developed that contribute to differences in the expression of the two behaviors (11, 26) . INTRODUCTION An interesting question that arises as a result of progress in the cellular analysis of behavior is the extent to which it is possible to relate specific features of the underlying neural circuit proposed for a behavior to the features of that behavior. If differences exist in the features of two related types of behaviors, are these differences due simply to properties of the respective effector organs, properties of the motor neurons, properties of the sensory neurons, or due to the types and patterns of interneurons?
Defensive inking behavior and gill withdrawal in Aplysia offer simple test systems in which the above questions can be examined. The two behaviors are similar in that they are reflexive and can be elicited by mechanical stimuli to the same region of the body. While this similarity exists, there are other major differences in the two behaviors. For example, defensive gill withdrawal is an example of a low-threshold graded behavior (7, 1 1 ), which responds selectively to shortduration stimuli (26). In contrast, inking behavior is a high-threshold relatively all-ornone behavior (1 1 ), which responds selectively to long-duration stimuli (26). Previous studies have compared inking and gill withdrawal at the behavioral level and at the level of the individual motor neuron. The recent identification of the neural circuit that mediates inking behavior (4) allows this analysis to be extended to a comparison of the types and pattern of sensory neurons and interneurons, which mediate these two defensive reflexes.
A preliminary report of some of these results has previously been presented ( 1).
METHODS
The experimental preparation and techniques have been previously described in detail (4, 7, 9) . In most cases an isolated reflex preparation consisting of the gill, siphon, and a portion of the ink gland with the abdominal ganglion and its intact peripheral nerves (branchial, genital, and siphon) was utilized (7) . In a few cases, an isolated abdominal ganglion preparation was also utilized (17). Neurons were identified based on their characteristic locations, spontaneous input, nerveevoked input, and motor effects or sensory input (4, 6, 7, 11, 17, 22, 24) . Neurons were usually first identified with the ganglion perfused with artificial seawater. After neuron identification the chamber was perfused with a solution of high Mg2+ and high Ca2' (7) to reduce background activity and the probability of recruiting polysynaptic input when synaptic connections were examined.
There are at least six motor neurons that contribute to the reflex withdrawal of the gill (24); however, in this paper I have focused on only one of the major motor neurons, cell L7 (24).
RESULTS
Some of the comparative aspects of the neural circuits for the defensive inking reflex and the defensive gill-withdrawal reflex are illustrated in Fig. 1 . Weak tactile or electrical stimuli delivered to the mantle region cause defensive withdrawal of the gill ( 11, 25) . Stronger stimuli, in addition to eliciting gill withdrawal, also lead to the release of ink from the ink gland (11). Both defensive reflexes are initiated via activation of the afferent terminals of mechanoreceptor sensory neurons (SN) whose cell bodies are located within the abdominal ganglion. Some of these sensory neurons produce monosynaptic fast excitatory postsynaptic potentials (FEPSP) in both gill motor neuron L7 and ink gland motor neuron L14. In addition to the monosynaptic pathway, from the sensory neurons to the motor neurons the sensory neurons also connect to R18, an excitatory interneuron, which in turn produces a fast EPSP in both gill motor neuron L7 and ink motor neuron L14. L16 is an inhibitory interneuron, which receives monosynaptic connections from the sensory neurons. L16 produces fast inhibitory postsynaptic potentials (FIPSP) in L7, L14, and L32, and is also weakly electrically coupled to L14 but not to L7. L32 produces a fast EPSP and slow IPSP (SIPSP) in L14 but usually only fast EPSPs in L7. L32 is inhibited by tactile stimulation of the skin and at least part of the inhibition is mediated by L16. L3 1 is an excitatory interneuron, which is activated by tactile stimulation of the skin. It produces a slow and long-lasting EPSP (SEPSP) in L14 but appears to make no connection to L7.
Common sensory input to motor neurons
As illustrated in Fig. 1 there is a close parallel between the overall organization of these two defensive reflexes. Indeed, both behaviors utilize the same population of primary mechanoreceptor neurons. Figure 2A 1 illustrates that a single RF sensory neuron (4) can produce a short-latency, presumably monosynaptic EPSP in both gill motor neuron L7 and ink motor neuron L14.
A prominent feature of the synaptic connections made by the sensory neurons with the gill and siphon motor neurons is low-frequency synaptic depression (15 esting question, therefore, is whether the connections between the sensory neurons and the ink motor neurons also exhibit similar synaptic depression. These results are illustrated in Fig. 2 . After a lo-min rest, single action potentials were fired in the sensory neuron every 10 s. The synaptic decrement in both the ink and gill motor neurons parallels each other.
Excitatory interneurons
In addition to receiving monosynaptic input from the sensory neurons, both reflexes utilize excitatory interneurons in their reflex pathways (Fig. 1) . R 18 is an example of one excitatory interneuron orginally linked to the reflex pathway for inking (4). RI 8 produces a monosynaptic EPSP in L14 and is excited by tactile stimulation of the siphon skin (4).
In addition to acting as an excitatory interneuron for the inking reflex, RI 8 is also an excitatory interneuron for the gill-withdrawal reflex, as illustrated in Fig. 3 . An action potential in R18 not only produces an EPSP in ink motor neuron L14, but also an EPSP in gill motor neuron L7. Thus, these two behaviors share not only the same sensory neurons, but also some of the same excitatory interneurons.
In addition to activating R 18, tactile stimulation of the skin also drives a group of excitatory interneurons in the inking reflex pathway. These cells, previously identified as the L3 1 cells, produce a slowly activating and long-lasting EPSP in ink gland motor neuron L14 (4). In order to examine the relative role of the L31 cells in mediating gill withdrawal and inking behavior, simultaneous recordings were made from one of the L31 cells, gill motor neuron L7, and ink motor neuron L14. Nine L3 1 cells in eight different experiments were examined. In three of these experiments the connections The sensory neuron is fired with an intracellular depolarizing current pulse once every 10 s, which produces short-latency PSPs in both motor neurons. Responses to the lst, 2nd, and 10th sensory neuron action potentials are illustrated. With repetition the EPSPs in L7 and L14 show a similar decrement. B: data of section A. The size of the initial EPSP in L7 and L14 was scored as 100%. plot of were tested in solutions of elevated Ca2+ and Mg'+. While L31 produces a slow, apparently decreased conductance, EPSP in L14, it typically produces no synaptic input in gill motor neuron L7. Figure 4 illustrates that a burst of spikes in L31 produces a slow EPSP in L14, but no obvious PSP in gill motor neuron L7. In one experiment an L31 cell appeared to produce a slow EPSP in L7 as well as L14. The PSP in L7 was initiated several seconds after the one in L14 and had a shorter duration, indicating that it might be indirectly mediated perhaps through the activation of an unidentified interneuron.
Common interneuron synaptic actions having different
L32 is one of a cluster of previously identified neurons (the L32 cells) that produce a small fast EPSP followed by a large and prolonged IPSP in ink gland motor neuron L14 (4). In 10 cases, simultaneous recordings were made from the L32 cells, L7 and L14. Figure 5 illustrates that L32 also participates in the gill-withdrawal reflex but the synaptic potentials it produces in gill motor neuron L7 differ from those it produces in the ink motor neurons. Firing a burst of spikes in L32 typically produces a long slow IPSP in L14 but only fast EPSPs in gill motor neuron L7. The EPSPs can summate and drive L7 to spike threshold (not shown). In 4 of the 10 cases the fast EPSPs in L7 were followed by a small slow IPSP. This response was usually observed only with a high-frequency discharge in L32 and, when present, was significantly smaller than the fast EPSP in L7 and also significantly smaller than the corresponding slow IPSP in L14. Thus, it appears that the predominant effect of the L32 cells is to produce a slow inhibition of the L14 ink motor neurons and a fast excitation of gill motor neuron L7.
Common inhibitory inter-neuron LI 6
L16 is a previously identified inhibitory interneuron in the reflex pathway for gill withdrawal (18, 20) , but also participates in the inking neural circuit (Fig. 1 and Ref. 4) . To investigate further the role of this cell in these two behaviors, simultaneous recordings were made from L16, ink motor neuron L14, and gill motor neuron L7. Figure 6A illustrates that L16 produces fast IPSPs in both gill motor neuron L7 and in ink motor neuron L14. While L16 inhibits both L7 and L14, it is electrically coupled to L14 but not to gill motor neuron L7 (Fig. 6B) . In addition to its actions on the motor neurons, L16 inhibits other interneurons in both reflex pathways ( Fig. 1; Ref. 4, 18, 19 ).
DISCUSSION
By a detailed comparison of neural circuits that mediate similar types of behavioral responses with different stimulus-response features, it becomes possible to pinpoint the critical loci that give rise to the distinguishing features of each behavior. Defensive gill withdrawal and ink release are examples of two behaviors where this approach can be utilized. Previous studies have examined the comparative aspects of these two behaviors from the perspective of their motor neurons (2, 9, 1 l-l 3, 26). The present results extend this analysis to the level of the sensory neurons and interneurons.
Sensory neurons
One of the obvious reasons for the general similarity in these two behaviors is that they both utilize the same population of sensory neurons. The mantle region is innervated by the LE, RE, and RF cluster mechanoreceptor neurons (4,6). The LE and RE cells have been previously shown to make monosynaptic connections to the gill and siphon motor neurons ( 15) 
L32
; an interneuron producing different synaptic actions in gill and ink motor neurons. In a solution of elevated Ca*' and Mg*+, a burst of action potentials in L32 produces small fast EPSPs followed by a slow and long-lasting IPSP in L14, but only fast EPSPs in L7. Differences in the resting potentials of cells cannot account for differences in the synaptic potentials. Indeed, the ink motor neuron resting potential is generally 20-30 mV more negative than that of gill motor neuron L7 (4, 9, 11).
ters make monosynaptic connections to the make a monosynaptic connection to both ink ink motor cells (4). The present study in-and gill motor neurons (Fig. 2) . The fact dicates that the same sensory neuron can that both behaviors utilize the same sensory is perfused with a solution of high Ca*' and Mg*+. L16 is fired with a l-s train of 50-ms depolarizing constant-current pulses through a bridge circuit. The resultant spikes in L16 lead to small IPSPs in gill motor neuron L7 and ink motor neuron L14. The small upward deflections superimposed on the L14 IPSP are due to the electrical coupling between L16 and L14 (see below). B: in the same cells as A, a l-s hyperpolarizing current pulse to L16 produces an electrotonic potential in L14 but not in L7. Thus, while L16 produces IPSPs in both L7 and L14, it is electrically coupled only to L14. The nonexponential shape of the membrane potential change in L16 is probably due to a time-dependent change in the resistance of the electrode in the bridge circuit.
neurons is interesting in light of the behavioral observation that gill withdrawal is a lowthreshold behavior and inking a high-threshold response (11). Intuitively one might expect that special nocieptive cells would mediate inking behavior. This does not seem to be the case. Instead of utilizing special nocieptors, the inking system utilizes the lowthreshold LE, RE, and RF cells (4-7) with high firing threshold mechanisms built into the ink motor neurons (2, 9, 12).
While some sensory neurons make monosynaptic connections to both ink and gill motor neurons, others make monosynaptic connections to one but not the other. For example, a large portion of the LE cells make monosynaptic connections with L7, while fewer make monosynaptic connections with L14. The reverse seems to be true of the RE and RF cells. Irrespective of the details of the relative contribution of monosynaptic connections with each type of motor neuron, all of the sensory neurons produce polysynaptic input in both L14 and L7 (for example see Fig. 3 
of Ref. 4).
The fact that the EPSPs from the RF sensory neuron to L7 and L14 show similar decrement (Fig. 2) is not surprising in light of the finding that the depression of the EPSP from the LE sensory neurons to gill and siphon motor neurons is due to a presynaptic mechanism (15). Presumably the mechanisms that account for the depression of the sensory PSP in gill and siphon motor neurons are the same for all of the connections that these clusters of mechanoreceptor neurons make to their follower cells.
It is interesting that the plastic properties of the synaptic connections of the sensory neurons have been linked to various forms of plasticity of the gill-withdrawal reflex, including both short-and long-term habituation and sensitization ( 10, (14) (15) (16) . Since both behaviors utilze the same sensory neurons, it would be predicted that inking behavior also exhibits some form of short-and long-term habituation and sensitization. An interesting extension of the present comparative analysis would therefore be to compare the plastic properties of these two behaviors.
The inking system may actually show a greater degree of behavioral richness than defensive gill withdrawal.
The inking system, in addition to utilizing sensory neurons that show synaptic depression and presynaptic facilitation (15, 16), also utilizes both long-lasting EPSPs and IPSPs. Interaction between presynaptic modulatory mechanisms and slow postsynaptic potentials may produce interesting, although yet unspecified, behavioral modifications.
Interneurons
In addition to using the same mechanoreceptor sensory neurons, another reason for the similarity of the two behaviors is that they use at least one common excitatory interneuron (Fig. 3) . Other previously identified excitatory interneurons in the gill circuit (7, (18) (19) (20) may also make connections with the ink motor cells. The results indicate, however, that an excitatory interneuron in one reflex pathway is not necessarily an excitatory interneuron in the other (e.g., cell L32).
L16 appears to perform similar functions for gill-withdrawal and inking behavior. Although the functional consequences of many of its connections are presently unclear, L16 does appear to play an important role in inhibiting a source of inhibitory input to the ink motor neurons via the inhibition that L16 produces in L32 (see also Ref. 4) . The role of the coupling between L 16 and L14 is also obscure, although it is interesting that L16 and L14 share a number of common electrophysiological properties (4). The coupling may be a remnant of development.
The L32 cells are interesting examples of neurons that are utilized by both behaviors but that produce essentially opposite synaptic actions in gill motor neuron L7 and ink motor neuron L14. A natural stimulus that excites L32 has not yet been identified, but such a stimulus would expect to have interesting behavioral consequences on inking behavior and gill withdrawal.
Stimuli that activate L32 would produce a rather long increase in the threshold for eliciting ink release, but actually tend to promote L7-mediated gill withdrawal.
L32 also produces a slow IPSP in the cardiac command neuron LlO (3, 23) and contributes to the presynaptic inhibition of the PSP that LlO produces in the left upper quadrant cells (3). Thus, in addition to its role in inking and gill withdrawal, L32 also participates in cardiovascular function. Hawkins et al. (18) have recently identified a cell known as L28, which has properties similar to the L32 cells. IA produces EPSPs in gill motor neuron L7, inhibits Ll 0, and produces a slow IPSP in ink motor neuron L14. L28 and the L32 cells appear to be distinct groups of cells. L28 is located more rostra1 than the L32 cells, which are generally found adjacent to the ink motor neurons (4). L28 has more spontaneous activity and a greater number and larger spontaneous PSPs than the L32 cells. Indeed, the L32 cells are usually completely silent. In addition, tactile stimulation of the skin usually produces a rather weak (subthreshold) EPSP followed by a slow IPSP in L32 (4). In some cases the EPSP is absent (4). In contrast, the EPSPs produced in L28 by stimulation of the siphon skin are larger (frequently firing several spikes). This EPSP is followed by a slow IPSP and then a rebound burst of several spikes (unpublished observations). Finally, L28 has an axon only in the left connective (18) while L32 cells have axons in the left, right, or both connectives (4).
L31 appears to play a critical role in the expression of some of the features of inking behavior. It produces a slowly activating and long-lasting EPSP in the ink motor neurons, which appears to be due to a decreased conductance mechanism (4). A slowly increasing PSP has been correlated with the selective sensitivity of inking behavior to respond to long-duration stimuli (2,9, 26). Gill withdrawal, in contrast, is relatively sensitive to short-duration stimuli (26). Gill motor neuron L7 has no nerve-evoked slow EPSP (11, 13) and appears to receive no input from L3 1 (Fig. 4) . Thus, L3 1 seems to be utilized
